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We investigate the transmission of both classical and quantum information between two arbitrary
observers in globally hyperbolic spacetimes using a quantum field as a communication channel.
The field is supposed to be in some arbitrary quasifree state and no choice of representation of its
canonical commutation relations is made. Both sender and receiver possess some localized two-level
quantum system with which they can interact with the quantum field to prepare the input and
receive the output of the channel, respectively. The interaction between the two-level systems and
the quantum field is such that one can trace out the field degrees of freedom exactly and thus obtain
the quantum channel in a nonperturbative way. We end the paper determining the unassisted as
well as the entanglement-assisted classical and quantum channel capacities.
PACS numbers: 04.62.+v, 03.67.-a, 03.67.Hk
I. INTRODUCTION
How much classical and quantum information can be
conveyed between two (or more) parts when one uses a
quantum communication channel? This is one of the fun-
damental questions addressed by quantum information
theory [1, 2] and it is within such quantum communica-
tion scenarios that relativity can play a major role. This
will be the case if, e.g., the sender and the receiver are
set in a relativistic relative motion or if the spacetime
possesses some nontrivial structures such as Cauchy or
event horizons [3].
In order to analyze quantum information theory in gen-
eral spacetimes and in a relativistically consistent way,
one should use quantum field theory in curved space-
times [4]. This was done by several authors to study,
e.g., the behavior of entanglement with respect to dif-
ferent observers [5–12] or the transmission of classical
and quantum information [13–19]. Most of the analysis
was done in the context of Minkowski, Schwarzschild, or
asymptotically flat cosmological spacetimes. In all such
spacetimes there are at least two congruences of observers
covering some open set and following the orbits of a time-
like Killing field. Thus, one is able to naturally choose
two different Fock space representations of the canonical
commutation (or anticommutation) relations of the field,
i.e., two different notions of “particles,” one associated
with each congruence of observers. As a consequence,
one can analyze the communication between these two
set of observers or the entanglement with respect to each
of them.
It would be interesting however, to generalize these
quantum communications scenarios to describe informa-
tion transfer in more general spacetimes, in a more “co-
variant” manner, i.e., without the need for any particular
choice of particles, and allowing more general observers
∗Electronic address: andre.landulfo@ufabc.edu.br
conveying the information, not being restricted to the
ones following the orbits of some Killing field (which may
not exist given a general spacetime). Additionally, there
is another aspect that would be interesting to have incor-
porated in such relativistic communication models: Typ-
ically, both the sender and receiver of the information
can measure the state of the field being used for commu-
nication in a limited region of spacetime. We can imag-
ine them as experimentalists restricted to their laborato-
ries and doing their experiments during a finite proper
time. Communication using quantum fields but with the
sender and receiver having access to a bounded region of
spacetime have drawn much attention recently. By using
Unruh-DeWitt detectors [20] to model the local interac-
tion between each of the parts that are communicating
and the quantum field, it was possible to do a perturba-
tive investigation of the classical communication capacity
between inertial observers in Minkowski spacetime [21],
of quantum signaling in cavity QED [22], and of the pos-
sibility of timelike information transfer in cosmological
spacetimes [23] (for a detailed analysis of causality is-
sues associated with inertial Unruh-DeWitt detectors in
Minkowski spacetime see [24]). In Refs. [25–28], by using
harmonic oscillators instead of Unruh-DeWitt detectors,
it was possible to do a nonperturbative analysis of the re-
sponse of the detectors, teleportation, and entanglement
harvesting and sudden death in this setup.
In the present paper we will describe a model of com-
munication using bosonic quantum fields in arbitrary
globally hyperbolic spacetimes, without choosing any
particular Fock space representation of the canonical
commutation relations, and allowing an arbitrary mo-
tion for both sender and receiver. The two observers will
use two-level quantum systems (qubits) to locally inter-
act with the quantum field and convey the information.
The field will be in some arbitrary quasifree state [4] and
the interactions between each of the two-level systems
and the field will be very similar to the ones given by
the Unruh-DeWitt model. We will suppose, however,
that the two levels of the qubit have the same energy
and hence, in the absence of noise, the state prepared
for the qubit does not change. This model is interesting
because, as it will be shown during the paper, one can
trace out the field degrees of freedom exactly and hence,
study the quantum channel defined between the sender
and the receiver nonperturbatively. With the mathemat-
ical description of the quantum channel we will be able
to determine the rate at which classical and quantum
information can be reliably transmitted (i.e. with arbi-
trarily small error probability) in such a communication
channel. In particular, the causality in the information
transmission will be manifest.
The paper is organized as follows. In Sec. II we will
describe the quantization of a free scalar field on globally
hyperbolic spacetimes as well as the class of states we
will be using. In Sec. III, we will describe the interaction
between the qubits and the field and determine the quan-
tum map that describes the communication channel. In
Sec. IV, we will use the quantum map derived in Sec. III
to calculate various channel capacities. Section V is re-
served to our final remarks. We assume metric signature(− + ++) and natural units in which c = h̵ = G = 1 unless
stated otherwise.
II. FIELD QUANTIZATION
Let us consider a free, real scalar field φ propagat-
ing in a four-dimensional globally hyperbolic spacetime(M, gab). Let the spacetime be foliated by Cauchy sur-
faces Σt labeled by the real parameter t. The field is
described by the action
S ≡ −1
2 ∫M d4x
√−g (∇aφ∇aφ +m2φ2 + ξRφ2), (1)
which gives rise to the Klein-Gordon equation
(−∇a∇a +m2 + ξR)φ = 0. (2)
Here m is the field mass, ξ ∈ R, R is the scalar curva-
ture, ∇a is the torsion-free covariant derivative compati-
ble with gab, and g ≡ det(gµν) in some arbitrary coordi-
nate system.
We will use the canonical quantization procedure,
which consists of promoting the field to an operator (rig-
orously, an operator-valued distribution) that satisfies
the canonical commutation relations (CCR)
[φ(t,x), φ(t,x′)]Σt = [π(t,x), π(t,x′)]Σt = 0, (3)[φ(t,x), π(t,x′)]Σt = iδ3(x,x′), (4)
where x ≡ (x1, x2, x3) are coordinates on the Cauchy sur-
face Σt. The conjugate momentum π(x) is defined as
π ≡ δS/δφ˙ =√(3)g na∇aφ, (5)
where na is the future-directed unit vector field normal
to Σt, “ ˙ ” ≡ ∂t, and (3)g ≡ det((3)gij), with (3)gij be-
ing the induced metric on Σt written in the coordinates(x1, x2, x3).
We may formally write the time evolution of the field
operator φ, with respect to the foliation Σt, as φ(t,x) =
U
†
φ(t)φ(0,x)Uφ(t) with Uφ(t) satisfying
U˙φ(t) = −iHφ(t)Uφ(t), (6)
where
Hφ(t) ≡ ∫
Σt
d3x(π(t,x)φ˙(t,x) −L[φ,∇aφ]) (7)
is the canonical Hamiltonian with
L[φ,∇aφ] ≡ −1
2
√−g (∇aφ∇aφ +m2φ2 + ξRφ2)
being the Lagrangian density.
In order to find a representation of the CCR, Eqs. (3)
and (4), we will first define the antisymmetric bilinear
map Ω on a space SC of complex solutions of Eq. (2) as
Ω(ϕ1, ϕ2) ≡ ∫
Σt
dΣna[ϕ2∇aϕ1 −ϕ1∇aϕ2], (8)
where dΣ stands for the proper-volume element on Σt.
We recall that Ω(ϕ1, ϕ2) do not depend on the Cauchy
surface Σt. With Eq. (8), we can define the Klein-Gordon
inner product as
(ϕ1, ϕ2)KG ≡ −iΩ(ϕ1, ϕ2), (9)
and we note that the above inner product is not positive
definite on SC. Now, we choose any subspace H ⊂ SC
such that (i) SC ≃ H ⊕H; (ii) the inner product (9) is
positive definite in H and makes (H, (, )KG) a Hilbert
space; and (iii) given any u ∈ H and v ∈ H, (u, v)KG =
0 [29]. We can now define the field’s Hilbert space as the
symmetric Fock space Fs(H) and the field operator as
φ(t,x) ≡ ∑
j
[uj(t,x)a(uj) + uj(t,x)a†(uj)] , (10)
where {uj} is an orthonormal basis for H and a(u) and
a†(v), satisfying
[a(u), a†(v)] = (u, v)KGI, (11)
with I being the identity operator, are the usual anni-
hilation and creation operators of modes u and v, re-
spectively, where u, v ∈ H. With the field operator de-
fined in Eq. (10) we get a representation of the CCR on
Fs(H). The vacuum state associated with this represen-
tation is the normalized vector ∣0⟩ ∈ Fs(H) which satisfies
a(u)∣0⟩ = 0 for all u ∈H.
To be mathematically well defined, the field opera-
tor (10) must be seen as an operator-valued distribution.
It is not difficult to see that if we smear out φ(x) in
Eq. (10) with a test function f ∈ C∞0 (M), where C∞0 (M)
stands for the set of all smooth, compact-support real
functions on M, we get [4]
φ(f) = i [a(KEf) − a†(KEf)] . (12)
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Here, the operator K ∶ S → H takes the positive-norm
part of any real solution ϕ ∈ S, with S ⊂ SC being a space
of real solutions of Eq. (2), and, for any f ∈ C∞0 (M),
Ef(x)≡∫
M
d4x′
√−g(x′)[Gadv(x,x′)−Gret(x,x′)]f(x′),
(13)
where Gadv and Gret are the advanced and retarded
Green functions of the operator P ≡ −∇a∇a +m2 + ξR,
respectively. We note that, given any test function f , Ef
is a solution of Eq. (2). Using Eqs. (11) and (12) we get
the covariant version of the CCR:
[φ(f1), φ(f2)] = −i∆(f1, f2)I, (14)
where
∆(f1, f2) ≡ ∫
M
d4x
√−gf1(x)Ef2(x) (15)
and f1, f2 ∈ C∞0 (M).
The above construction is not unique; there are in-
finitely many choices of H satisfying conditions (i)-(iii)
defined below Eq. (9). Hence there are infinitely many
Fock space representations of the CCR and thus, in-
finitely many choices of vacuum and particles. As a
general rule, the different representations are not uni-
tarily equivalent. Contrary to what this may suggest,
this poses no difficulty to the formulation of the the-
ory. We can see this many inequivalent representations
of the CCR in quantum field theory in curved space-
times as analogous to coordinates in general relativity [4].
This is made manifest when one uses the algebraic ap-
proach to quantum field theory [3, 30]. In this formula-
tion, the field quantization can be seen as a R-linear map
φ ∶ f ∈ C∞0 (M) → φ(f) ∈ A(M) between C∞0 (M) and a
∗-algebra A(M), which satisfies:
1. φ(f)∗ = φ(f), f ∈ C∞0 (M), i.e., the (smeared) field
is Hermitian,
2. φ([−∇a∇a + m2 + ξR]f) = 0, for all f ∈ C∞0 (M),
i.e., the field satisfies the Klein-Gordon equation,
3. [φ(f1), φ(f2)] = −i∆(f1, f2)I, f1, f2 ∈ C∞0 (M), i.e.,
the field satisfies the CCR,
4. A(M) is algebraically generated by the identity I
and the φ(f)’s, f ∈ C∞0 (M).
We call A(M) the algebra of observables of the Klein-
Gordon field.
A quantum state is a C−linear functional ω ∶ A(M)→
C which satisfies (S1) positivity, i.e., ω(A∗A) ≥ 0 for all
A ∈ A(M) and (S2) normalization, i.e., ω(I) = 1. Given
a λ ∈ (0,1) and any two states ω1 and ω2, we note that
λω1 +(1−λ)ω2 also defines a state. We say that a quan-
tum state ω is pure if and only if every decomposition of ω
as ω = λω1+(1−λ)ω2 implies that ω1 = ω2 = ω, otherwise,
we say that ω is a mixed state. By using the so-called
Gelfand-Naimark-Segal (GNS construction [4, 30], it can
be shown that every state ω can be realized as a vector on
a Hilbert space H carrying a representation of the algebra
of observables. The advantage of the algebraic formula-
tion however, is that, although it allows us to choose a
representation of the CCR, we need not do so. The al-
gebraic approach enables us to formulate quantum field
theory in curved spacetimes without forcing us to make
arbitrary choices.
For our purposes it will be interesting to work not
withA(M) but with its “exponentiated version”W(M),
since it will be its elements that will appear in our de-
scription of the quantum communication channel. The
algebra W(M) is called the Weyl algebra and it is the
∗-algebra [31] generated by the elements
W (Ef) ≡ eiφ(f), f ∈ C∞0 (M), (16)
satisfying:
W (Ef)∗ =W (−Ef), (17)
W (E[−∇a∇a +m2 + ξR]f) = I, (18)
W (Ef1)W (Ef2) = e i2∆(f1,f2)W [E(f1 + f2)], (19)
with f, f1, f2 ∈ C∞0 (M). Equations (17)-(19) are the ex-
ponentiated version of conditions 1-3 defined earlier. An
algebraic state is then defined as a positive and normal-
ized C-linear functional ω ∶ W(M)→ C.
There is one class of states that stands out from the
plethora of algebraic states, the so-called quasifree states.
In order to define this class of states, let us first defineS ≡ {Ef ∣f ∈ C∞0 (M)}. As a real vector space, this set
coincides with the space of all real solutions of Eq. (2)
with compact-support initial data on Σt [4, 30]. Now,
given a real inner product µ ∶ S × S → R on S satisfying
∣Ω(Ef1,Ef2)∣2 ≤ 4µ(Ef1,Ef1)µ(Ef2,Ef2), (20)
we define a quasifree state ωµ, associated with µ, by the
relation
ωµ[W (Ef)] ≡ e−µ(Ef,Ef)/2, (21)
for all f ∈ C∞0 (M), where the action of ωµ on an arbitrary
element of W(M) is defined by linearity and continuity.
The vacuum states that are usually considered in quan-
tum field theory in curved spacetimes are pure quasifree
states [33] but we will not restrict ourselves to this case.
Allowing the quasifree states to be statistical mixtures
will enable us to consider several important classes of
states such as, for instance, the thermal equilibrium [i.e.
Kubo-Martin-Schwinger (KMS)] states.
III. THE QUANTUM CHANNEL
Suppose now that two observers, Alice and Bob, want
to communicate using the quantum field φ as a com-
munication channel. We will consider that the field is
in some quasifree state ωµ. It should be noted however
that, although we are focusing on this class of states, the
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derivation we will present is valid for any algebraic state
ω which satisfies
ω[W (Ef)] ∈ R+, (22)
for all f ∈ C∞0 (M). This includes not only the quasifree
states but, e.g., also n-particle states in any given repre-
sentation of the canonical commutation relations. Each
observer possesses a two-level gapless quantum system
with which they can interact with the quantum field.
We denote the two-dimensional Hilbert spaces associated
with Alice’s and Bob’s qubits by HA and HB, respec-
tively. In order to convey classical or quantum informa-
tion to Bob, Alice prepares her qubit in some quantum
state ρA−∞ and turns on its interaction with the field for a
finite time (with respect to the foliation Σt) ∆tA. After
that, Bob switches on his qubit interaction with the field
for a time interval ∆tB in order to measure the informa-
tion imprinted by Alice on the field’s state. Bob’s qubit
is initially prepared in a suitable ready-to-measure state
ρB−∞.
The total Hamiltonian of the two-qubit+field system is
given by
H ≡Hφ +Hint, (23)
where Hφ is given by Eq. (7) and Hint is the interaction
Hamiltonian which, in the interaction picture, is given by
HIint ≡ ∑
j
ǫj(t)∫
Σt
d3x
√−gψj(t,x)φ(t,x) ⊗ σzj . (24)
Here, j = A,B, with A and B labeling Alice’s and
Bob’s qubit, respectively; σzj is one of the Pauli matri-
ces σxj , σ
y
j , σ
z
j associated with qubit j; ǫj ∈ C∞0 (R) is a
time-dependent coupling constant which keeps the inter-
action of qubit j with the field switched on for a finite
time ∆tj ; and ψj(t,x) is a smooth real function satisfy-
ing ψj ∣Σt ∈ C∞0 (Σt) for all t, which models the fact that
the qubit j interacts with the field only in a vicinity of its
worldline. We note that, for the communication protocol
chosen, the support of each coupling constant is given by
supp ǫj = [T ij , T fj ],
with T fj − T ij = ∆tj and T iB ≥ T fA, i.e., the interaction
of qubit B with the field is switched on after qubit A’s
interaction is switched off.
The interaction picture time evolution operator, asso-
ciated with the foliation Σt, can be written as
U = T exp [−i∫ ∞
−∞
dtHIint(t)], (25)
where T indicates time ordering with respect to t. By
using the Magnus expansion [34]
Ω ≡ ∞∑
n=1
Ωn, (26)
where each Ωn is an operator of order n in H
I
int(t), we
can cast Eq. (25) as
U = expΩ. (27)
The first terms of the expansion (26) are given by
Ω1 = −i∫ ∞
−∞
dtHIint(t), (28)
Ω2 = −1
2
∫ ∞
−∞
dt∫ t
−∞
dt′[HIint(t),HIint(t′)] (29)
Ω3 = i
6
∫ ∞
−∞
dt∫ t
−∞
dt′∫ t
′
−∞
dt′′ ([HIint(t), [HIint(t′),HIint(t′′)]]
+ [HIint(t′′), [HIint(t′),HIint(t)]]) , (30)
and the high-order terms can be obtained recursively. Us-
ing the explicit form of the interaction Hamiltonian (24)
and the covariant canonical commutation relation (14),
it can be seen that
Ω1 = −i∑
j
φ(fj) ⊗ σzj , (31)
Ω2 = i Ξ I − i
2
∆(fA, fB)σzA ⊗ σzB, (32)
and
Ωk = 0, for k ≥ 3. (33)
Here,
fj(t,x) ≡ ǫj(t)ψj(t,x) (34)
is a compact-support function on M carrying the infor-
mation about qubit j,
Ξ ≡ 1
2
∑
j
∫ ∞
−∞
dt ǫj(t)∫ t
−∞
dt′ǫj(t′)∆j(t, t′)
with
∆j(t, t′)≡∫
Σt
d3x
√−g∫
Σt′
d3x′
√−g′ψj(t,x)∆(x,x′)ψj(t′,x′),
and we recall that φ(fj) ≡ ∫M d4x√−gfj(x)φ(x) and[φ(x), φ(x′)] ≡ −i∆(x,x′)I [which is the unsmeared ver-
sion of Eq. (14)]. We note that, in order to obtain the
second term in Eq. (32), we have used that T iB ≥ T fA. By
making use of Eqs. (26) and (31)-(33) in Eq. (27), as well
as the Zassenhaus formula
ea+b = eaebe− 12 [a,b],
where [a,b] is a c-number, we get the following expression
for the unitary evolution of the system:
U = eiΞe−iφ(fA)⊗σzAe−iφ(fB)⊗σzBe−i∆(fA,fB)σzA⊗σzB . (35)
For what follows, it will be useful to cast the unitary
operator exp [−iφ(fj) ⊗ σzj] as
e−iφ(fj)⊗σ
z
j = cos [φ(fj)] − i sin [φ(fj)] ⊗ σzj , (36)
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with
cos [φ(fj)] ≡ 1
2
[W (Efj) +W (−Efj)] (37)
and
sin [φ(fj)] ≡ 1
2i
[W (Efj) −W (−Efj)] (38)
being elements of the Weyl algebra W(M).
Now, by using the unitary operator given in Eq. (35),
we can formally evolve the initial state of the two-
qubit+field system and then trace out the field degrees
of freedom. By doing this, we obtain the state describing
the qubits after the communication protocol has ended.
The initial state of the qubits is given by ρA−∞ ⊗ ρB−∞
and we recall that the field is in some quasifree state
ωµ [or, more generally, in some algebraic state satisfying
Eq. (22)]. Hence,
ρAB ≡ trφ (UρA−∞ ⊗ ρB−∞ ⊗ ρωU †)
= Γccccρ˜AB + ΓssssσzA ⊗ σzB ρ˜ABσzA ⊗ σzB+ ΓcsscσzAρ˜ABσzA + ΓsccsσzB ρ˜ABσzB+ (ΓcscsσzB ρ˜ABσzA + H.c.)− (Γssccρ˜ABσzA ⊗ σzB + H.c.), (39)
where
ρ˜AB ≡ e−i∆(fA,fB)σzA⊗σzB (ρA−∞ ⊗ ρB−∞)ei∆(fA,fB)σzA⊗σzB
(40)
and
Γαβγδ ≡ωµ(Fα[φ(fB)]Fβ[φ(fA)]Fγ[φ(fA)]Fδ[φ(fB)]) ,
(41)
with α,β, γ, δ ∈ {c, s}, Fs(x) ≡ sinx, and Fc(x) ≡ cosx.
In order to do the time evolution in the first line of
Eq. (39), we have written the algebraic ωµ as if it were
a density matrix ρω with tr(ρωW [Ef]) ≡ ωµ(W [Ef]).
Note however that ρAB (as well as the quantum map be-
tween qubits A and B that will be defined later) depends
only on the action of ωµ on the Weyl algebra W(M).
A direct calculation using Eqs. (21), (37), and (38) in
Eq. (41), as well as Eq. (19) to simplify products of op-
erators W (Efj), shows that
Γcccc = 1
8
(ν+AB + ν−AB) + 14(1 + νB + νA cos [2∆(fA, fB)]),
Γssss = 1
8
(ν+AB + ν−AB) + 14(1 − νB − νA cos [2∆(fA, fB)]),
Γsccs =−1
8
(ν+AB+ ν−AB)+ 14(1 − νB + νA cos [2∆(fA, fB)]),
Γcssc =−1
8
(ν+AB+ ν−AB)+ 14(1 + νB − νA cos [2∆(fA, fB)]),
Γsscc = −1
8
(ν+AB − ν−AB) + i4νA sin [2∆(fA, fB)],
Γcscs = Γsscc,
with the remaining Γαβγδ vanishing. In the above equa-
tions we have used that
νj ≡ ωµ (W [E(2fj)]) = exp (−2∥Efj∥2), (42)
ν±AB ≡ ωµ (W [E(2fA ± 2fB)]) = exp (−2∥E(fA ± fB)∥2),
(43)
with ∥Ef∥2 ≡ µ(Ef,Ef), f ∈ C∞0 (M). To find the state
of Bob’s qubit after the protocol has ended, we need to
take the partial trace over qubit A,
ρB ≡ trAρAB. (44)
By using Eqs. (39) and (40), as well as the explicit ex-
pressions for Γαβγδ, we find that
ρB = 1
2
(1 + νB cos [2∆(fA, fB)]) ρB−∞,
+ 1
2
(1 − νB cos [2∆(fA, fB)])σzBρB−∞σzB
+ i
2
νB sin [2∆(fA, fB)]⟨σzA⟩ρA
−∞
[ρB−∞, σzB] , (45)
where ⟨σzA⟩ρA
−∞
≡ tr (σzAρA−∞).
We would like to write Eq. (45) in the form
ρB = E(ρA−∞) (46)
in order to define a quantum map E that describes the
communication channel. For this purpose, we need first
to fix the initial state ρB−∞ of Bob’s qubit. This, however,
must be done wisely; otherwise we may end up with a
very poor communication channel. As
[σzB,H(t)] = 0,
where H is the total Hamiltonian (23), σzB is conserved
and hence, it will not be useful to choose one of its eigen-
states, ∣0⟩B and ∣1⟩B , as the initial state for qubit B, nor
measure ρB in this basis in order to recover any informa-
tion encoded by Alice. To help in the choice of ρB−∞, let
us analyze the signaling between Alice and Bob. To this
end, suppose that Alice encodes the message to be sent
in the states ρA
−∞+
and ρA
−∞−
and that Bob decodes it by
means of the projective measurement
{FB+ ≡ ∣+⟩B B ⟨+∣, FB− ≡ ∣−⟩B B ⟨−∣} ,
where σxB ∣±⟩B = ±∣±⟩B . By using Eq. (45), the probability
p(l∣k) ≡ tr (FBl ρBk ) of Bob measuring l = ± given that
Alice has prepared the state ρA
−∞k
, k = ±, is
p(l∣k) = 1
2
(1 + lνBΛk), (47)
where
Λk≡2R{βB(cos [2∆(fA, fB)]− i⟨σzA⟩ρA
−∞k
sin [2∆(fA, fB)])}
(48)
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and βB ≡ B⟨0∣ρB−∞∣1⟩B. Having fixed the properties of
qubit B, given by fB, we can see from Eq. (47) and from
Λk in Eq. (48) that there are two terms describing the
influence of qubit A on qubit B, both of which are clearly
causal [due to the appearance of ∆(fA, fB)]. The first
one,
2R{βB cos [2∆(fA, fB)]},
is “universal” in the sense that it does not depend on
the state ρA−∞k chosen by Alice; it only depends on the
properties of qubit A, described by fA, and it will be
there whenever its interaction with the field has been
turned on. The second term,
−2R{βBi⟨σzA⟩ρA
−∞k
sin [2∆(fA, fB)]},
however, depends explicitly on the initial state of qubit
A and thus, it is the one responsible for the signaling.
This motivates us to choose
ρB−∞ ≡ ∣y+⟩BB ⟨y+∣ (49)
so as to maximize the signaling contribution. In Eq. (49)
we have used that
∣y+⟩ ≡ 1√
2
(∣0⟩B + i∣1⟩B)
and hence, σyB ∣y+⟩ = ∣y+⟩ and βB = −i/2. As a result, we
can write the probability in Eq. (47) as
p(l∣k) = 1
2
(1 − lνB⟨σzA⟩ρA
−∞k
sin [2∆(fA, fB)]). (50)
Having fixed the initial state for qubit B, the lin-
ear, completely positive and trace-preserving (CPTP)
quantum map E is unambiguously defined by Eqs. (45)
and (46). We can also cast E in terms of its Kraus de-
composition [1]
E(ρA−∞) = 3∑
µ=0
Mµρ
A
−∞M
†
µ, (51)
with Kraus operators Mµ given by
M0 ≡ 1
2
¿ÁÁÀ1 − ν2B
Pe
∣+⟩
B A
⟨0∣, (52)
M1 ≡ 1
2
¿ÁÁÀ1 − ν2B
1 − Pe ∣+⟩B A⟨1∣, (53)
M2 ≡ iνB
2
√
Pe
cos [2∆(fA, fB)] ∣+⟩B A⟨0∣ +√Pe ∣−⟩B A⟨0∣,
(54)
M3 ≡ iνB
2
√
1 −Pe cos [2∆(fA, fB)]∣+⟩B A⟨1∣+ √1 −Pe ∣−⟩B A⟨1∣, (55)
where ∑µM †µMµ = IA and
Pe ≡ 1
2
(1 + νB sin [2∆(fA, fB)]) . (56)
Indeed, by using Eqs. (52)-(56),
3∑
µ=0
Mµρ
A
−∞M
†
µ = 12(1−⟨σzA⟩ρA−∞νB sin[2∆(fA, fB)])∣+⟩BB⟨+∣
+1
2
(1+⟨σzA⟩ρA
−∞
νB sin[2∆(fA, fB)])∣−⟩BB⟨−∣
+ ( iνB
2
cos [2∆(fA, fB)]∣+⟩BB⟨−∣ +H.c.),
(57)
which is ρB ≡ E(ρA−∞) in Eq. (45), with ρB−∞ = ∣y+⟩⟨y+∣,
written in the basis {∣+⟩B , ∣−⟩B}.
The quantum map in Eq. (51) gives the (nonpertur-
bative) mathematical description of the communication
channel between Alice and Bob.
IV. CHANNEL CAPACITIES
Equipped with the map E given in Eq. (51), we will be
able to study at which rate classical and quantum infor-
mation can be reliably conveyed between Alice and Bob.
We will also be able to analyze how prior entanglement
shared between the two observers can aid both classical
and quantum communication capacities.
A. Unassisted classical and quantum
communication capacities
Let us begin with the investigation of the unassisted
channel capacities for the transmission of both classical
and quantum information. In what follows, we will first
review what are the classical and quantum capacities of
a quantum channel (our review will follow closely the
treatment given in Ref. [1], where more details can be
found). After that, we will compute both capacities for
our communication channel.
Suppose that Alice wants to transmit a message chosen
from the set X = {1,⋯, ∣X ∣} to Bob, where ∣X ∣ indicates
the cardinality of the set X . In order to do that, she will
use the communication channel E described in Sec. III.
In order to reliably convey the information through any
noise channel, Alice needs to do a suitable block coding
on the messages in X and then make n independent uses
of the channel. More explicitly, to each m ∈ X Alice
associates a quantum state ρAnm defined in the spaceH⊗nA .
Then, by making n independent uses of the channel E ,
she transmits ρAnm to Bob, who receives the state
E⊗n (ρAnm )
defined in H⊗nB . To decode the message, Bob chooses a
POVM {FBnm ∣m ∈ Y }, ∣Y ∣ ≥ ∣X ∣. Hence, the probability
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that Bob correctly determines the message sent by Alice
is given by
P (Y =m∣X =m) = tr [FBnm E⊗n (ρAnm )] (58)
and the error probability is
perr(m) ≡ 1 − P (Y =m∣X =m)
= tr [(I −FBnm )E⊗n (ρAnm )] . (59)
The error probability of this coding scheme is given by
p∗e ≡max
m∈X
perr(m) (60)
and we say the code has error ǫ > 0 if
p∗e ≤ ǫ. (61)
The rate RC of communication (bits per use of the chan-
nel) in this coding scheme is
RC ≡ 1
n
log2 ∣X ∣ (62)
and we call a code with error ǫ a (n,RC , ǫ) code for clas-
sical communication. We say that a rate RC is achievable
if given any ǫ, δ > 0 there exists a (n,RC − δ, ǫ) code for
a sufficiently large n.
The classical capacity of the quantum channel E is
the supremum over all achievable rates RC and it will
be denoted by C(E). Due to the Holevo-Schumacher-
Westmoreland (HSW) theorem [35], C(E) can be written
as [1]
C(E) = lim
k→∞
1
k
χ(E⊗k), (63)
where
χ(E) ≡ max
{pm,ρAm}
{S (E [∑
m
pmρ
A
m]) −∑
m
pmS (E [ρAm])},
(64)
with S(ρ) ≡ −tr(ρ log2 ρ) being the von Neumann entropy
of a density matrix ρ and {pm} is a probability distribu-
tion. The quantity χ(E) is called the Holevo information
of the channel.
Suppose now that Alice wants to transmit quantum
information (qubits) to Bob by means of the communi-
cation channel E . The quantum capacity of a quantum
channel measures at which rate this can be reliably done.
We note that whenever Alice is able to reliably transmit
entanglement through the channel, she will also be able
to transmit an arbitrary quantum state ρTA , defined onHTA , to Bob [1], since we can always think that this state
arises from the entanglement of TA with some reference
system TA′ . Hence, suppose that Alice and the reference
system share some state ∣ϕTATA′ ⟩ ∈ HTA ⊗HTA′ , whereHTA′ is the Hilbert space of TA′ . Then, Alice encodes
her part of the state on H⊗nA by means of a CPTP mapC ending up with the state
(C ⊗ ITA′ ) (ρTATA′ϕ ) ,
where ρ
TATA′
ϕ ≡ ∣ϕTATA′ ⟩⟨ϕTATA′ ∣ and ITA′ is the identity
operator onHTA′ . She then sends her part of the encoded
total state to Bob by making n independent uses of the
channel. The resulting global state is
̟BnTA′ ≡ (E⊗n ⊗ ITA′ ) (C ⊗ ITA′ [ρTATA′ϕ ]) . (65)
Bob decodes his share of the state (65) by using a CPTP
map D mapping states in H⊗nB into states in HTB . There-
fore, after Bob’s decoding, the total state will be given
by
ςTBTA′ ≡ (D ⊗ ITA′ )(̟BnTA′ ) . (66)
The rate RQ of communication (qubits per use of the
channel) in this scheme is given by
RQ ≡ 1
n
log2 dTA , (67)
where dTA ≡ dimHTA . This coding process will be good
if, for a given ǫ > 0,
∥ρTBTA′ϕ − ςTBTA′ ∥1 ≤ ǫ (68)
with
∥O∥1 ≡ tr (√O†O)
being the trace norm of an operator O and ρTBTA′ϕ ≡ITA→TB (ρTATA′ϕ ). Here, ITA→TB is the identity map be-
tween TA and TB. We call the above code a (n,RQ, ǫ)
code for quantum communication. We say that a rate
RQ is achievable if, given any ǫ, δ > 0, there exists a(n,RQ − δ, ǫ) code for a sufficiently large n.
The quantum capacity of the channel E , denoted by
Q(E), is the supremum over all achievable rates RQ. It
can be shown that this capacity can be written as [1, 36]
Q(E) = lim
k→∞
1
k
Q(E⊗k), (69)
where
Q(E) ≡ max
∣ϕAA′ ⟩
{S(ςB) − S(ςBA′)}, (70)
with the maximization being over all pure states ∣ϕAA′⟩ ∈HA ⊗HA′ , dimHA′ = dimHA, ςBA′ ≡ (E ⊗ IA′)(ρAA′ϕ ) ,
and ςB ≡ trA′ςBA′ . The quantity Q(E) is called the co-
herent information of the channel. It is important to
stress that, whenever C(E) and Q(E) are nonzero, clas-
sical and quantum information, respectively, can always
be transmitted from Alice to Bob with arbitrarily small
error probability. However, it takes more time (i.e. chan-
nel uses) to transmit the information through channels
with lower capacity than through those with higher ca-
pacity.
In general, it is prohibitively difficult to calculate the
capacities (63) and (69), as it may be necessary to eval-
uate the Holevo and coherent information over infinite
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uses of the channel. Fortunately, our quantum channelE lies in one of the classes of channels in which the de-
termination of both capacities is tractable, namely, the
entanglement-breaking channels. A quantum channel N
is entanglement breaking if for every (possibly entangled)
state ∣ϕAA′⟩ ∈ HA ⊗ HA′ , the state (N ⊗ IA′) (ρAA′ϕ ),
ρAA
′
ϕ = ∣ϕAA′⟩⟨ϕAA′ ∣, is separable. To show that the chan-
nel E in Eq. (51) belongs to such a class, let us write the
state ∣ϕAA′⟩ as
∣ϕAA′⟩ = 1∑
i,i′=0
ci,i′ ∣i⟩A ⊗ ∣i′⟩A′ , (71)
where ∣i⟩A and ∣i′⟩A′ are eigenstates of σzA and σzA′ , re-
spectively, and ∑i,i′ ∣cii′ ∣2 = 1. By using Eqs. (51)-(55)
we have that
E (∣i⟩
AA
⟨i′∣) = δii′E (∣i⟩AA⟨i∣) (72)
and hence
(E ⊗ IA′)(ρAA′ϕ ) = ∑
i
E (∣i⟩
AA
⟨i∣)⊗ ∣ζi⟩A′A′ ⟨ζi∣, (73)
where
∣ζi⟩A′ ≡ ∑
i′
cii′ ∣i′⟩A′ . (74)
By defining the density matrices
S
B
i ≡ E (∣i⟩AA⟨i∣) , (75)
and
τA
′
i ≡ ∥ζi∥−2∣ζi⟩A′A′ ⟨ζi∣, (76)
∥ζi∥2 ≡ ⟨ζi∣ζi⟩, we can cast Eq. (73) as
(E ⊗ IA′)(ρAA′ϕ ) = ∑
i
∥ζi∥2SBi ⊗ τA′i , (77)
where we note that
∑
i
∥ζi∥2 = ∑
i,i′
∣cii′ ∣2 = 1.
The state (77) is separable and hence, the channel E
is entanglement breaking. It is known [37] that the
Holevo information χ(E) given in Eq. (64) is additive
for entanglement-breaking channels, i.e.,
χ(E⊗n) = nχ (E) . (78)
As a consequence, the classical capacity (63) can be writ-
ten as C(E) = χ(E) and thus, by using the definition of
χ(E) given in Eq. (64), we can write
C(E) = max
{pm,ρAm}
{S (E [∑
m
pmρ
A
m]) −∑
m
pmS (E [ρAm])}.
(79)
Contrary to the limit in Eq. (63), the above maximization
is a tractable problem.
Let us now perform the maximization in Eq. (79) and
determine the classical capacity C(E) of the communica-
tion channel. For this purpose, let {pm} be some proba-
bility distribution and ρA
−∞m
density matrices for Alice’s
qubit. We will decompose each ρ
−∞
A
m in terms of its Bloch
vectors, i.e.,
ρA
−∞m
= 1
2
(IA + rm ⋅σA) , (80)
where rm ≡ (xm, ym, zm), ∥rm∥2 ≡ x2m + y2m + z2m ≤ 1, and
σA = (σxA, σyA, σzA). By using Eq. (80) in Eq. (51) [or
equivalently, in Eq. (57)], we can write the action of the
quantum map E on ρA
−∞m
and on
ρA
−∞
≡ ∑
m
pmρ
A
−∞m
(81)
as
E (ρA
−∞m
) = 1
2
(1 − zmνB sin [2∆(fA, fB)]) ∣+⟩BB⟨+∣
+ 1
2
(1 + zmνB sin [2∆(fA, fB)]) ∣−⟩BB⟨−∣
+( iνB
2
cos [2∆(fA, fB)]∣+⟩BB⟨−∣ +H.c.)(82)
and
E (ρA
−∞
) = 1
2
(1 − zνB sin [2∆(fA, fB)]) ∣+⟩BB⟨+∣
+ 1
2
(1 + zνB sin [2∆(fA, fB)]) ∣−⟩BB⟨−∣
+ ( iνB
2
cos [2∆(fA, fB)]∣+⟩BB⟨−∣ +H.c.),(83)
with z ≡ ∑m pmzm, respectively. By diagonalizing the
density matrices in Eqs. (82) and (83), we get their eigen-
values pEm ,1 − pEm and pE ,1 − pE , respectively. Here,
pEm ≡ 12+νB2
√
z2m (sin [2∆(fA, fB)])2+(cos [∆(fA, fB)])2
(84)
and
pE ≡ 1
2
+ νB
2
√
z2 (sin [2∆(fA, fB)])2+(cos [∆(fA, fB)])2.
(85)
With Eqs. (84) and (85) we can write
S (E [ρA
−∞
]) −∑
m
pmS (E [ρA
−∞m
]) =H(pE)−∑
m
pmH(pEm),
(86)
where H(x) ≡ −x log2 x − (1 − x) log2(1 − x), x ∈ [0,1].
Now, we note that pEm ≥ 1/2, pE ≥ 1/2, and that, for
x ≥ 1/2, H(x) is a monotonically decreasing function.
Hence, as
pEm ≤ 12 + νB2
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and
pE ≥ 1
2
+ νB
2
∣cos [∆(fA, fB)]∣
we conclude that
H(pEm) ≥H (12 + νB2 ) (87)
and
H(pE) ≤H (1
2
+ νB
2
∣cos [2∆(fA, fB)]∣) . (88)
By defining
χ (E [ρA−∞]) ≡ S (E [ρA−∞]) −∑
m
pmS (E [ρA
−∞m
]) (89)
and using Eqs. (87) and (88) in Eq. (86) we end up with
χ (E [ρA−∞]) ≤ H (12 + νB2 ∣cos [2∆(fA, fB)]∣)
− H (1
2
+ νB
2
) . (90)
The upper bound in Eq. (90) can be reached if one
chooses, e.g., a probability distribution {pm} with p1 =
p2 = 1/2 (and thus pm>2 = 0) and the Bloch vectors
r1 = (0,0,1), r2 = (0,0,−1), and rm>2 = (xm, ym,0) in
Eq. (80). As a consequence, we can write the classical
capacity in Eq. (79) as
C (E) =H (1
2
+ νB
2
∣cos [2∆(fA, fB)]∣) −H (1
2
+ νB
2
) .
(91)
Whenever Alice and Bob interacts with field in causally
disconnected regions, the supports of the functions fA
and fB are spacelike separated and thus ∆(fA, fB) = 0.
Then, by using Eq. (91), C(E) = 0 and hence, it is im-
possible for Alice and Bob to communicate. If, however,
Bob’s interaction with the field is in the future of Alice’s,
C(E) will be nonzero and, as a consequence, Alice can
always reliably convey her message to Bob.
Now, the fact that the channel E is entanglement
breaking also allow us to compute its quantum capac-
ity Q(E), given in Eq. (69). As shown, e.g., in [38], the
quantum capacity of an entanglement-breaking channel
(actually, of any antidegradable channel) is
Q(E) = 0. (92)
Therefore, Alice cannot convey quantum information to
Bob by making use of the channel E .
B. Entanglement-assisted classical and quantum
communication capacities
We have seen in the last subsection that Alice can al-
ways reliably convey classical information to Bob, by us-
ing the quantum channel E , whenever their interactions
with the field are causally connected. In contrast, Al-
ice is not able to transmit quantum information to Bob
under any circumstance. We would like to analyze now
how the capacities to send both classical and quantum
information are affected when Alice and Bob initially
have access to an unlimited supply of entanglement. For
this purpose, let us first describe the protocol for this
entanglement-assisted quantum communication. Again,
we follow the treatment given in Ref. [1], were more de-
tails can be found.
Suppose, for simplicity, that Alice and Bob share a
maximally entangled state
∣ΦTATB′ ⟩ = 1√
d
d−1∑
i=0
∣i⟩TA ⊗ ∣i⟩TB′ ,
defined on HTA ⊗ HTB′ , where {∣i⟩Ta}, a = A,B′, is an
orthonormal set of vectors on HTa , and d can be as large
as they need. Alice wants to transmit a message chosen
from the set X = {1,⋯, ∣X ∣} to Bob by means of the
communication channel E . To this end, she associates to
each m ∈ X a CPTP map Cm taking states defined onHTA into states defined on H⊗nA . If she chooses to send
the message m to Bob, she applies Cm on her half of the
entangled state ∣ΦTATB′ ⟩. The total state then becomes
(Cm ⊗ ITB′ ) (ρTATB′Φ ),
where ρ
TATB′
Φ
≡ ∣ΦTATB′ ⟩⟨ΦTATB′ ∣. After the encoding,
Alice sends her share of the total state to Bob by making
n independent uses of the channel E . After receiving Al-
ice’s part of the entangled state, Bob will be in possession
of the state
̟BnTB′m ≡ (E⊗n ⊗ ITB′ ) (Cm ⊗ ITB′ [ρTATB′Φ ]) , (93)
defined inH⊗nB ⊗HTB′ . To decode the message, he chooses
a POVM {FBnTB′m ∣m ∈ Y }, ∣Y ∣ ≥ ∣X ∣ to perform a mea-
surement on the total state (93). Hence, the probability
that Bob correctly determines the message sent by Alice
is given by
P (Y =m∣X =m) = tr [FBnTB′m ̟BnTB′m ] (94)
and the error probability is
perr(m) ≡ 1 −P (Y =m∣X =m)
= tr [(I − FBnTB′m )̟BnTB′m ] . (95)
The error probability of this coding scheme is given by
p∗e ≡max
m∈X
perr(m) (96)
and we say that the code has error ǫ > 0 if
p∗e ≤ ǫ. (97)
The rate Rea of communication (bits per use of the chan-
nel) in this coding scheme is
Rea ≡ 1
n
log2 ∣X ∣ (98)
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and we call a code with error ǫ an (n,Rea, ǫ) code for
entanglement-assisted classical communication. We say
that a rate Rea is achievable if, given any ǫ, δ > 0, there
exists a (n,Rea − δ, ǫ) code for a sufficiently large n.
The entanglement-assisted classical capacity of the
channel is the supremum over all achievable rates Rea
and it will be denoted by Cea (E). As proved in [39], this
capacity can be written as
Cea(E) = max
∣ϕAB′ ⟩
{S(ςB) + S(ςB′) − S(ςBB′)}, (99)
where ςBB
′ ≡ (E ⊗ IB′)(ρAB′ϕ ) , with ρAB′ϕ ≡∣ϕAB′⟩⟨ϕAB′ ∣, ςB = trB′ςBB′ , ςB′ = trBςBB′ , and the
maximization is over all pure states ∣ϕAB′⟩ ∈ HA ⊗HB′ .
The right-hand side of Eq. (99) is called the mutual
information of the channel E .
The entanglement-assisted quantum capacity of the
channel, denoted by Qea(E), is the maximum rate at
which qubits can be reliably sent through the channel
when Alice and Bob share an unlimited amount of en-
tanglement. By using teleportation in conjunction with
superdense coding, it can be shown that [1]
Qea(E) = 1
2
Cea(E). (100)
We note that the expressions (99) and (100) for the
entanglement-assisted classical and quantum capacity,
respectively, are calculable for any quantum channel, in
contrast with the expressions (63) and (69) for the unas-
sisted capacities.
Let us begin by computing the entanglement-assisted
classical capacity (99), since its calculation will also
determine the entanglement-assisted quantum capac-
ity (100). To this end, let us first note that we can rewrite
the Kraus operators in Eqs. (52)-(55) in the following
form:
M0 = 1
2
¿ÁÁÀ1 − ν2B
Pe
∣+⟩
B A
⟨0∣, (101)
M1 = 1
2
¿ÁÁÀ1 − ν2B
1 −Pe ∣+⟩B A⟨1∣, (102)
M2 =
¿ÁÁÀPe + ν2B
4Pe
(cos [2∆(fA, fB)])2∣n0⟩B A⟨0∣, (103)
M3 =
¿ÁÁÀ1 − Pe + ν2B
4(1 − Pe)(cos [2∆(fA, fB)])2∣n1⟩B A⟨1∣,
(104)
where
∣n0⟩ ≡ iνB cos [2∆(fA, fB)]√
4P 2e + ν2B(cos [2∆(fA, fB)])2 ∣+⟩B
+ 2Pe√
4P 2e + ν2B(cos [2∆(fA, fB)])2 ∣−⟩B (105)
and
∣n1⟩ ≡ iνB cos [2∆(fA, fB)]√
4(1 − Pe)2 + ν2B(cos [2∆(fA, fB)])2 ∣+⟩B
+ 2(1 −Pe)√
4(1 − Pe)2 + ν2B(cos [2∆(fA, fB)])2 ∣−⟩B .
(106)
Then, by using Eqs. (101)-(104) in Eq. (51) we can write
E (ρA−∞) = A⟨0∣ρA−∞∣0⟩ASB0 + A⟨1∣ρA−∞∣1⟩ASB1 , (107)
where
S
B
0 = {Pe + ν2B4Pe (cos [2∆(fA, fB)])2} ∣n0⟩BB ⟨n0∣
+ 1 − ν2B
4Pe
∣+⟩
B B
⟨+∣ (108)
and
S
B
1 ={1 −Pe + ν2B4(1 −Pe)(cos [2∆(fA, fB)])2} ∣n1⟩BB ⟨n1∣
+ 1 − ν2B
4(1 −Pe) ∣+⟩B B ⟨+∣, (109)
and we note that, by using Eqs. (56), (108) and (109),
tr(SBi ) = 1, i = 0,1. A channel of the form (107) is called
a classical-quantum (c-q) channel.
The definition of the unassisted and entanglement-
assisted classical capacities C(E) and Cea(E), respec-
tively, implies that
Cea(E) ≥ C(E). (110)
A simple example where this inequality is manifest is the
superdense coding for noiseless channels [1], where it is
possible for Alice to send two bits of classical information
to Bob by using the prior entanglement that they shared.
Notwithstanding this, it was proven in Ref. [40] that, for
c-q channels, Cea(E) = C(E) and hence, by using Eq. (91)
Cea(E) =H (1
2
+ νB
2
∣cos [2∆(fA, fB)]∣) −H (1
2
+ νB
2
) .
(111)
Thus, we conclude that it is not worth using a valuable
resource such as entanglement in order to try to increase
the classical capacity of the channel E . Even if Alice
and Bob initially share an unlimited amount of entan-
glement, the capacity to send classical information will
always be the same as if no prior entanglement is shared.
This picture changes dramatically in the case of quan-
tum communication. In contrast to the unassisted case,
where the quantum capacity vanishes, when Alice and
Bob initially share entanglement, Alice can reliably send
quantum information to Bob at a rate
Qea(E)=1
2
[H (1
2
+ νB
2
∣cos [2∆(fA, fB)]∣)−H (1
2
+ νB
2
)] .
(112)
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Equations (111) and (112) clearly demonstrate the
causality in the communication of both classical and
quantum information in the entanglement-assisted case.
We can see that whenever Bob’s qubit interaction with
the field is causally disconnected from the interaction of
Alice’s qubit with the field, Cea(E) = 0 and Qea(E) = 0
as it should be.
V. CONCLUSIONS
In this paper, we have analyzed communication of both
classical and quantum information using a bosonic quan-
tum field as a communication channel. The model we
have considered encompasses several aspects desirable in
relativistic quantum communication scenarios, namely:
(1) it is valid in arbitrary globally hyperbolic spacetimes,
(2) no choice of representation of the CCR needs to be
made, (3) both sender and receiver are allowed arbitrary
motions, and (4) both sender and receiver can interact
with the quantum field only in a bounded region of the
spacetime. In addition, the model allowed us to trace
out the field’s degrees of freedom in an exact manner and
hence, we could determine the quantum channel between
the sender and receiver nonpertubatively.
To determine the communication channel, we have
considered that the sender, Alice, prepares some input
state ρA−∞ for her qubit and switches on its interaction
with the field for a finite time ∆tA. After that, the re-
ceiver, Bob, switches on his qubit interaction with the
field for a finite time ∆tB in order to measure the infor-
mation imprinted by Alice on the field’s state. The initial
state, ρB−∞, of Bob’s qubit was chosen to be in one of the
eigenstates of σyB in order to maximize the signaling be-
tween Alice and Bob. We have supposed that the field
was in some arbitrary quasifree state ωµ. After tracing
out the field degrees of freedom, we have obtained the
quantum map E that describes the communication chan-
nel. We also have cast E terms of its Kraus decomposition
and proved that it is an entanglement-breaking channel.
In possession of the quantum channel, we have studied
the maximal rate at which both classical and quantum in-
formation can be sent through it with an arbitrary small
error probability in the reception. These maximum rates,
also called the classical and quantum capacities of the
channel, were analyzed in two situations. The first one is
when Alice and Bob do not initially share entanglement
(the unassisted case). The second one is when they share
an unlimited amount of entanglement before communi-
cating (the entanglement-assisted case). For both the
unassisted and entanglement-assisted cases, the quantum
and classical capacities vanish whenever Alice and Bob
are spacelike separated and try to communicate. Hence,
causality is manifest in this communication model. In
the unassisted case, we have seen that the classical ca-
pacity is nonvanishing when Alice and Bob are causally
connected and thus, Alice is able to reliably convey a
classical message to Bob. On the other hand, the quan-
tum capacity is identically zero and hence, it is impos-
sible for Alice to reliably send qubits to Bob. In the
entanglement-assisted case, the prior entanglement does
not increase Alice’s capacity to send classical information
to Bob when compared to the unassisted one. For the
transmission of quantum information, however, the ini-
tial entanglement shared between Alice and Bob enables
Alice to reliably convey quantum information to Bob,
in sharp contrast to the unassisted case. This happens
because the entanglement-assisted quantum capacity is
nonzero whenever Alice and Bob are causally connected
when they try to communicate.
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